The current best performing p-type transparent conducting oxides are typically highly crystalline materials, deposited at high temperatures, and hence incompatible with the drive to low cost flexible electronics. We investigated a nanocrystalline, copper deficient Cu x CrO 2 , deposited at low temperatures upon a flexible polyimide substrate. The as-deposited film without post annealing has an electrical conductivity of 6Scm −1 . We demonstrate that this p-type transparent oxide retains its excellent electrical conductivity under tensile strain, withstanding more than one thousand bending cycles without visible cracks or degradation in electrical properties. In contrast, compressive strain is shown to lead to an immediate reduction in conductivity which we attribute to a de-lamination of the thin film from the substrate. © 2018 Author(s).
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In many optoelectronic devices the electrodes and contact materials are metallic. Some applications (displays and thin film solar cells among others) require materials that are transparent yet electrically conductive. To date, such transparent electrodes are made from doped metal oxides, most commonly n-type Indium Tin Oxide (ITO). 1, 2 Today, there is great scope for flexible electronic devices, e.g., printed solar cells, to complement the mature silicon based electronic industry. 3 The electrical conductivity of ITO is strongly linked to its long range crystalline order. ITO is quite brittle and often cracks on polymeric substrates under a low strain when deposited over large areas, thus it has shown sub par performance on flexible substrates. 4, 5 n-type amorphous transparent semiconducting oxides such as Indium Gallium Zinc Oxide (IGZO) satisfy the basic criteria required for flexible devices: highly conductive when deposited at low temperatures. 6 Its amorphous nature avoids the complexities and variability of its polycrystalline counterpart, ITO.
Analogous p-type Transparent Conducting Oxides (TCOs) have only found uses in laboratory devices, e.g., buffer layers in dye sensitized solar cells, hole injectors in organics light emitting diodes, water splitting electrodes, and as new generation of transparent electrical contacts for p-type semiconductors. [7] [8] [9] [10] With an outlook towards cheap printable electronics these test devices will become industrially relevant if a well performing p-type TCO for hole injecting layers, transparent p-n junctions and consequently transparent electronics is found. In addition to identifying a material itself, roll to roll processing of devices requires materials that can withstand tensile strain even if the active device will not be flexible. However, most p-type TCOs are polycrystalline with processing temperatures in excess of 600 • C, which is too high for use with flexible substrates. 14 copper acetylacetonate and chromium acetylacetonate precursors were dissolved in methanol and sprayed with an air blast nozzle (PNR, model MAD-0331) using a mixture of compressed air/nitrogen (5%/95%) with a gas flow rate of 17L min −1 onto heated (345 • C) polyimide film. The molarity (M), spray time (t), and solution flow (f ) was adjusted to control the film thickness and optimise conductivity; 90±10 nm: M Cr =30 mM, M Cu =12 mM, t=20 min, f =1.7 ml/min; 25±10 nm: M Cr =10mM, M Cu =4 mM, t=17 min, f =1.7 ml/min. The Kapton substrate rested on microscope slides which lay on the hot plate surface to achieve a comparable substrate temperature to previously optimised growth runs directly on glass. Heater surface temperature readings during growth were taken using a type K thermocouple (chromel vs. alumel) welded to the top of the hot plate. The temperature was PID controlled during growth to 345 ± 10 • C. The surface temperature at the substrate may have systematically differed. As-grown films on glass (90nm) show a copper content of ∼35% as determined by X-ray photoelectron spectroscopy, a sheet resistance of 20kΩ −2 , conductivity of 20Scm −1 and a carrier activation energy of 200meV. The sheet resistance was determined by 4 point probe (4PP) measurements, the carrier activation energy from Arrhenius fits on 4PP measurements from 50 to 150 • C. Films grown on Kapton have similar carrier activation energies (200-250meV), with sheet resistance of 60 ± 10 kΩ −2 , 350± 100 kΩ −2 for the sample sets of 90 and 25nm. In our system it is more difficult to maintain optimised growth conditions over a larger area for Kapton compared to glass, due to the difficulties in homogeneously heating the thin plastic substrates under the high pressure gas flow. Consequently films on Kapton have lower conductivities than those on glass.
All resistance measurements in the bending study are done by simple 2 point contact measurements. The carrier mobility of the films is too low for Hall measurements and is expected to be as low as similar films prepared on glass substrates where estimations by Seebeck measurements gave hole mobilities of 0.006cm 2 /Vs and high carrier concentrations of (2.5 ×10 22 cm −3 ). 14, 19 The current work is limited to sets of 25 nm and 90nm thick films grown at 345 • C on polyimide, as the growth window for well performing spray pyrolysis grown Cu x CrO 2 is very narrow. At temperatures below 320 • C the precursors do not decompose and no growth is observed, while at higher temperatures a) the conductivity decreases due to the formation of Cr 2 O 3 :Cu and b) no stable flexible substrate for the bending tests are available. Hence, detailed temperature dependent studies are not feasible. Likewise the thickness dependence of the bending stability was only studied in a narrow range. For the intended application as flexible hole transport layer in, e.g., organic solar cells an oxide thickness of typically 10nm is used. 20 However the inherent roughness of spray pyrolysis grown films, combined with the need for a sheet resistance below 500kΩ −2 in the bending setup, limits the thickness range we could investigate. We will demonstrate no film degradation for our maximum applicable tensile stress in one order of magnitude thicker layers (80 -100nm), with some degradation for thinner layers. We wish to stress that the results could be improved by the use of alternative growth techniques shown to lead to better homogeneity, lower roughness and higher conductivity. [16] [17] [18] Indeed in MOCVD grown Cu 0.4 CrO 2 a conductivity of up to 100Scm −1 has been reported, an order of magnitude higher than achievable with our low cost spray pyrolysis. Even with this limitation conductivities are significantly higher than for other p-type TCOs compatible with plastic substrates such as SnO x and a-ZnRhO 4 . 15, [21] [22] [23] Figure 1a
shows Grazing Incidence X-ray diffraction (GIXRD) of a typical sample (90nm). XRD measurements were performed on a Bruker D8 Advance diffractometer using a Cu K α source with a double bounce Ge monochromator. The GIXRD scan was collected with a grazing incidence angle of 1 • using a large copper soller slit and a scintillation detector. The (006) reflex for CuCrO 2 is notably absent: indicating either a randomly ordered CrO 6 environment or a strong crystallographic texture of the film. The weak (012) reflex is likewise attributed to ordering of the O-Cu-O planes on the nanometre scale due to the peculiarities of the spray pyrolysis growth. 14 Many chromium-containing p-type oxides possess a CrO 6 edge network similar to that of Rh 2 O 3 in Zinc Rhodium Oxide. This edge sharing network of RhO 6 octahedra in zinc rhodium oxide is quite insensitive to distortion in an amorphous state. 11 We have previously shown that the valence band of chromium based TCOs is dominated by states localised in the CrO 6 octahedra with a low mobility conduction involving an electron hopping mechanism. 19, 24 Hence, the nanocrystalline nature of the films combined with a valence band state related to a disordered CrO 6 edge sharing network leads to the observed resilience of the films to tensile strain discussed below. Figure 1b shows the optical transmittance and reflectance of a Cu 0.4 CrO 2 film grown upon polyimide film. The bare polyimide film itself absorbs strongly above a photon energy of 2.5eV. This is below the onset of strong absorption in Cu x CrO 2 and thus no additional absorption is introduced by the film. The indirect gap of Cu 0.4 CrO 2 was determined previously to be 2.4±0.1eV. 15 The Cu 0.4 CrO 2 , grown with thickness 90nm, does not detrimentally affect the transmittance when grown upon the bare polyimide film beyond a minor reflectance increase due to the addition of a film with higher refractive index onto the substrate. 15 To test the suitability of these films as a large area flexible electrode the change in the electrical resistance after mechanical tensile and compressive strain was investigated. As the underlying substrate is insulating, the change in electrical resistance is solely a measure of the structural changes in the conductive oxide layer induced by the applied mechanical stress. This is equivalent to previously bending tests in n-type TCOs. 25 
I. TENSILE STRAIN
One folding cycle consists of bending the sample so that the distance between the two electrical contacts decreases from the unfolded value, 31.5 mm. The minimum distance possible between the two contacts was 3.3 mm. If the sample is bent upwards in a ∩-shape tensile stress is applied to the thin conducting film. Figure 2 shows the procedure schematically, as well as photos of the experimental setup at each stage of the bending cycle. The automated electrical resistance measurements were taken whenever the sample was in the unfolded position. Initial, manual bending measurements taken with two point electrical measurements at 5 mm bending radius showed no difference between bent and unbent resistance (see Fig. 2) .
A side profile image was taken of the folded film at the maximum bending point. The software ImageJ 26 was then used to estimate the minimum radius of curvature, illustrated in Figure 2a . The oxide layers grown (25 -90nm) are considerably thinner than the substrate. The neutral axis is very close to the centre of the composite. Therefore, strain distributed to the conductive oxide is given by:
where t s and t oxide are the thickness of the substrate and conductive oxide films, respectively, and r is the radius of curvature. As the induced mechanical strain is dependent on the substrate thickness, plotting the change in electrical resistance as a function of the radius of curvature after each bending cycle is therefore not an absolute comparison. Figure 2c shows the change in resistance of a Cu 0.4 CrO 2 film as function of bending radius, and using equation (1) as function of induced strain. As no degradation was observed, even at the maximum accessible strain, all subsequent tests have been performed at maximum strain of 0.8% (minimum radius 5mm). To further increase strain, and possibly reach the stability threshold, Cu x CrO 2 would need to be deposited on much thicker substrates. Figure 3a shows the absolute resistance and normalised change in resistance for 2000 automated bending cycles inducing maximum tensile strain of 0.8%. For the thicker samples the resistance of Cu 0.4 CrO 2 increased by 9% within the first 500 cycles and no further changes are observed for subsequent cycles. Thinner samples are more susceptible to degradation under tension and a more gradual increase in resistance of up to 25% was observed. Even though little change in electrical resistance was observed, the high initial resistance (91.6kΩ) of a Cu 0.4 CrO 2 film may mask any structural degradation in the film. A thin film deposited on a flexible substrate under tension will reach a threshold where channeling cracks appear which allow partial relaxation of stress, eventually followed by buckling delamination. 27 Scanning Electron Microscopy (SEM) images of the Cu x CrO 2 film grown on polyimide are shown in Fig. 3c . The thicker film, imaged after having undergone over 2000 bending cycles was mounted mechanically bent with a 5mm radius consistent with that used in the bending tests. By mounting the films under tensile stress we can expose any thin channeling cracks. We were unable to observe any channeling cracks in our strained films. This indicates that we have not induced the threshold strain where cracking of the film occurs. In contrast the thinner film already shows isolated cases of delamination after a few bending cycles Fig. 3d , consistent with the more prominent change in resistance. As schematically illustrated in Fig. 3f in spray pyrolysis grown, nanocrystalline films the roughness is broadly independent of thickness, leading to an increased weakness against shearing of very thin films in random areas.
II. COMPRESSIVE STRAIN
In contrast to the stability of the thicker films under tensile strain, extensive compressive studies could not be performed due to limitations in the bending set-up. However, films that underwent manual compressive strain cycles (bending the sample down in a ∪-shape) showed large changes in electrical resistance, as shown in Fig. 3b . Subsequent SEM images show channelling cracks of the films treated this way (see Fig. 3e) . A small scale image of a single crack shows that the film has buckled upwards, indicative of a local delamination of the TCO layer. As these faults extend over the full width of the sample dramatic resistance changes are observed. In additional manual bending tests shown in Fig. 2 , where resistance measurements during the bending cycle are possible, we also notice a stark difference between the bent and unbent case for compressive strain. The change in resistance is significantly smaller in the bent state compared to after the film was flattened again. This suggests that the side walls of the cracks (see Fig. 3e,g ) remain in electrical contact in the bent state and only after flattening is the change in resistance observed, as flakes of the film delaminated in the bent state can fall out. This suggests that once the Cu 0.4 CrO 2 films are embedded in a full device structure where there will be more layers above the film, stability under compressive stress could be better. While the cracking will still occur, the mechanical delamination and material fall-out could be reduced. The manual bending experiment also suggests a threshold for crack formation of ∼0.1% or 20cm radius for the 90nm thick films used. Data points and error bars of the manual bending experiment are based on the average and variance between results of different samples. In contrast to the tensile measurements thinner films are slightly more stable under compressive stress and after the initial increase of 100%, further repeated bending do not further degrade the sample. To summarise, sets of 25±10nm and 90±10nm thick Cu 0.4 CrO 2 have been deposited upon flexible substrates. The deposited Cu 0.4 CrO 2 is of comparable sheet resistance to films on glass, as well as other crystalline p-type oxides, even though they lack in long range crystalline order above the nanoscale, which many oxides need for good electrical conductivity. In our films, O-Cu-O planes are ordered within ≈ 7nm grains and the CrO 6 edge shared network is disordered. The Cu 0.4 CrO 2 grown on polyimide film by spray has an electrical conductivity of 6Scm −1 which does not significantly degrade when put under tension. As little change was observed we can only give a lower limit for the strain threshold for the thicker films. There is a minor degradation upon repeated bending cycles in the thinner films at the maximum achieved strain of 0.8%. For compressive strain degradation was observed with a threshold of delamination at strain values of 0.1%. This work experimentally confirms that the nanocrystalline Cu x CrO 2 is a suitable p-type TCO compatible with flexible electronics in general. The roughness of low cost spray pyrolysis grown films though, may limit the device performance and stability due to the unavoidable roughness of the films. Further growth equipment optimisations such as the use of sophisticated ultrasonic nozzles to minimise gas pressure, as well as more suitable heaters to achieve temperature homogeneity on thin plastic substrates may be required.
